rhythmias are frequently observed in the elderly population secondary to alterations of electrophysiological properties that occur with the normal aging process of the heart. However, the underlying mechanisms remain poorly understood. The aim of the present study was to determine specific age-related changes in electrophysiological properties and myocardial structure in the ventricles that can be related to a structural-functional arrhythmogenic substrate. Multiple unipolar electrograms were recorded in vivo on the anterior ventricular surface of four control and seven aged rats during normal sinus rhythm and ventricular pacing. Electrical data were related to morphometric and immunohistochemical parameters of the underlying ventricular myocardium. In aged hearts total ventricular activation time was significantly delayed (QRS duration: ϩ69%), while ventricular conduction velocity did not change significantly compared with control hearts. Moreover, ventricular activation patterns displayed variable numbers of epicardial breakthrough points whose appearance could change with time. Morphological analysis in aged rats revealed that heart weight and myocyte transverse diameter increased significantly, scattered microfoci of interstitial fibrosis were mostly present in the ventricular subendocardium, and gap junction connexin expression decreased significantly in ventricular myocardium compared with control rats. Our results show that in aged hearts delayed total ventricular activation time and abnormal activation patterns are not due to delayed myocardial conduction and suggest the occurrence of impaired impulse propagation through the conduction system leading to uncoordinated myocardial excitation. Impaired interaction between the conduction system and ventricular myocardium might create a potential reentry substrate, contributing to a higher incidence of ventricular arrhythmias in the elderly population.
epicardial mapping; breakthrough point; aged heart ADVANCED AGE appears to be a risk factor for increased susceptibility to ventricular arrhythmia (22) ; however, a detailed knowledge of the changes in cardiac electrophysiology relevant to arrhythmogenesis in the elderly is lacking. Significant alterations of cardiac electrophysiological properties occur during the normal aging process of the ventricles as a result of structural remodeling of the extracellular matrix, modifications of cell-to-cell connections between neighboring cardiomyo-cytes mediated by gap junctions, and changes in active membrane properties (28) .
Age-associated changes in myocardial structure include increase in the mass of the left ventricle (LV), mostly due to myocyte enlargements as well as an increase of the extracellular matrix. The latter is focal in nature and results from collagen deposition and alteration of cardiac fibroblast number and function. Moreover, the number of cardiomyocytes is reduced as a consequence of necrosis and/or apoptosis with increasing age (2, 5, 18, 28) .
In the normal adult heart, gap junctions, consisting of aggregates of the channel proteins called connexins (Cx), are found almost exclusively at the intercalated disks and are accordingly located at the ends of the cardiomyocytes (26, 37) . Heterogeneous Cx expression is present across the normal ventricular wall (35, 49) . A reduced number of gap junctions is present between sinoatrial (SA) node and atrium (7) and at the Purkinje-myocardial junction (PMJ) (36) . Cellular distribution of Cx changes during normal ventricular growth (40) , with age (15, 39, 41) , and in diseased hearts (50) .
The action potential is prolonged with aging. Specifically, while the resting membrane potential is unaltered, the repolarization of the action potential is consistently prolonged in LV myocytes isolated from senescent rat hearts compared with those from younger hearts (23, 28, 43) .
Age-related changes in cardiac electrophysiological properties that occur in the ventricles have been assessed by means of epicardial mapping in very few experimental models of aging (15, 19, 43) . In these studies, epicardial potential mapping in isolated hearts revealed significant alterations in basic electrophysiological parameters represented by increased atrioventricular (AV) conduction time, increased total ventricular activation time (QRS), and decreased conduction velocity transverse to fiber direction in both ventricles (15) or only in right ventricle (RV) (43) . These alterations were attributed to increased collagen deposition and reduced intercellular coupling transverse to the fiber axis that were observed in aged ventricular myocardium. However, it is not known whether and how the spread of ventricular activation is affected by age such as to determine alterations in basic electrophysiological parameters. Thus we made the hypothesis that in aged hearts the spread of ventricular activation could be altered and could be responsible for the observed electrophysiological changes. We proposed that direct and detailed measurements of epicardial activation patterns could give more insight into the electrophysiological changes with age. The aim of the present study was to perform epicardial potential mapping with a view to characterizing basic electrophysiological parameters and the spread of ventricular activation as a function of age. Furthermore, in order to identify a possible structural-functional relationship, we aimed to relate electrical data to morphometric and immunohistochemical parameters of the underlying ventricular myocardium. To achieve this goal we recorded unipolar electrograms (EGs) from the anterior surface of exposed rat hearts, using high-density epicardial electrode arrays during normal sinus rhythm (NSR) and ventricular pacing. Electrical data were displayed as epicardial EG waveforms and isochrone maps. Aged hearts revealed the occurrence of abnormal ventricular activation patterns in the presence of modest histological and anisotropic conduction velocity changes. Moreover, activation patterns exhibited temporal variability, which can be considered as an index of susceptibility to arrhythmogenic stimuli (16) .
METHODS

Animal Preparation
The present investigation was reviewed and approved by the Veterinarian Animal Care and Use Committee of the University of Parma, Italy. The rats used in this study (Rattus norvegicus, Wild Type Groningen) were obtained from the University of Groningen (Groningen, The Netherlands) and bred in our animal care center under conventional conditions. In this colony, a 50% mortality occurs between 22 and 24 mo of age. Studies were performed on a total of 7 control (10 mo old) and 10 aged (23 mo old) healthy male rats. Electrophysiological and morphometric analysis was performed on four control and seven aged rats, while Western blot analysis was performed on three control and three aged rats. After body weight (BW) was measured, animals were anesthetized intraperitoneally with medetomidine (0.4 mg/kg) and ketamine (50 mg/kg).
Epicardial Mapping
Under artificial respiration, the heart was exposed through a longitudinal sternotomy and suspended in a pericardial cradle. Body temperature was maintained constant at 37°C with infrared lamp radiation. Anesthetic was administered during the experiment as needed. The epicardial electrode array and the mapping system have been described in detail previously (29) . In the present study, 8 ϫ 8 row and column electrode arrays, with 1-mm-resolution square mesh covering an area of 49 mm 2 (Fig. 1A) , were fabricated on surgical cotton gauze (Fig. 1B) . The gauze moistened by the thin liquid layer adhered firmly to the epicardium, and all electrodes established a stable contact. The electrode array usually covered part of the anterior surface of the RV and LV (Fig. 1C) .
In each experiment, unipolar epicardial EGs were recorded between each array electrode and a common reference electrode placed on the left hind leg, during NSR and ventricular pacing. Hearts were paced through each of the innermost 6 ϫ 6 array electrodes by just above threshold cathodal current pulses, Յ1-ms duration, at a frequency slightly higher than spontaneous rhythm (Ϸ250 beats/min). The indifferent electrode for cathodal current pulses was placed subcutaneously in the chest walls. EG waveforms were displayed off-line for data quality control. Ventricular activation times were estimated as the time of the minimum time derivative of unipolar EGs during QRS and were referenced to QRS onset during NSR or to stimulus onset during ventricular pacing. From the activation times an activation sequence (isochrone map) was determined.
EG waveforms were defined as monophasic when the portion preceding the intrinsic deflection (the major downstroke) was monotonically negative going and biphasic when a positive wave preceded the intrinsic deflection. Within a few millimeters of the pacing site, the shape of unipolar EGs was biphasic or monophasic depending on whether excitation reached the recording site by traveling mainly along or across fibers, respectively (11, 44) .
Electrophysiological Parameters
Cardiac intervals. The duration of R-R interval, P wave, PQ segment, and QRS complex was measured from the root mean square signal computed from the 8 ϫ 8 EGs. The R-R interval is the time between two consecutive R waves. The PQ segment, defined as the time interval between the end of atrial depolarization (P wave) and the beginning of ventricular activation (QRS complex), is an index of the AV conduction time.
Epicardial activation. To characterize temporal variability of ventricular activation, we defined two parameters, namely NBGAT, representing the number of beats (NB) with similar "grid activation Fig. 1 . Epicardial electrode array and ventricular myocardial architecture. A: schematic diagram of 8 ϫ 8 electrode array with 1-mm-resolution square mesh; the 4 outer array electrodes are used to generate fiducial marks by constant current injection. B: photomicrograph of a single array electrode assembled at the intersection of perpendicular filaments of surgical cotton gauze; silver wire stripped of insulation represents the electrode contact surface. C: electrode array on the anterior ventricular surface in open-chest rat. D: view of anterior ventricular surface of aged_heart_5 fixed in formalin. RA, LA, right and left auricle appendixes, respectively; RV, LV, right and left ventricular surfaces, respectively; dotted line, interventricular septum (IVS); blue circles (also in F), epicardial fiducial marks. Rectangular incision outlines the block of ventricular myocardium used for morphological analysis. E: epicardial side of myocardial block embedded in paraffin. Yellow circles (also in F), reference holes left by perpendicular needles through paraffin block. F: hematoxylin and eosin-stained ventricular sections, at 80-m and 480-m depth from epicardium, respectively; the orientation of longitudinal fiber axes on each section is displayed by segments plotted at 20 regularly spaced epicardial electrode projections. time" (GAT) and NBDRAV, representing NB with similar "direction of resultant activation vector" (DRAV).
GAT was assessed as the time interval computed as the difference between activation time of the earliest and activation time of the latest of the 8 ϫ 8 array electrodes. This parameter is related to the velocity of activation in the explored area. In each animal, heartbeats whose GAT differed Ͻ0.5 ms from the mean value were considered to be similar, and NBGAT represented this percentage.
DRAV was defined as the direction of the resultant (vector sum) activation vector (RAV) relating to the innermost 6 ϫ 6 array electrodes. Specifically, each electrode was assigned a single activation vector whose raw and column components were computed as activation time differences between the two electrodes closest to the electrode at each raw and column intersection, respectively. Thus RAV was computed as the vector sum of the single activation vectors, and DRAV was assigned its polar angle. According to the definition, DRAV represents the direction of the mean velocity vector relating to the activation wave front through the measurement area. In each animal, heart beats whose DRAV deviated Ͻ9°from the mean value were considered to be similar, and NBDRAV represented this percentage.
The two parameters, which according to the definition describe complementary properties of the activation pattern, were computed from ϳ100 -200 beats during both NSR and paced activation in each experiment. Specifically, during NSR the two parameters represent temporal variability of activation of both conduction system and ventricular myocardium. Conversely, during pacing the two parameters represent temporal variability of impulse conduction through ventricular myocardium alone, due to functional uncoupling between the conduction system and ventricular myocardium in the area surrounding the pacing site (45) .
Ventricular conduction velocity. During pacing, conduction velocity was computed from isochrones longitudinal ( L) and transverse (T) to fiber orientation, with L higher than T (26). Briefly, L was evaluated from electrodes distant from the pacing site on the major axis of the elliptical wave front; T was evaluated from electrodes on a line perpendicular to the major axis of the elliptical wave front across the more closely spaced isochrones (Fig. 2B, top) . L and T were measured from at least two sites in each activation map, and the mean was taken. The anisotropic ratio was determined as L/T. Sequential pacing of the innermost 6 ϫ 6 array electrodes was usually performed in each animal in order to define local anisotropic conduction velocity and to electrically assess local epicardial fiber direction at each pacing site (45) .
Tissue Morphometry
Fiber direction, myocardial fibrosis, and myocyte transverse diameter were assessed in ventricular myocardium underlying the measurement area. At the end of each experiment, the epicardial position of the electrode array was identified by fiducial marks burned onto the tissue by constant current flow (current density ϭ 0.5 mA/0.075 mm 2 ; time duration ϭ 30 s) through four electrodes external to the electrode array ( Fig. 1A ). Small-diameter tungsten wires were inserted perpendicularly to the epicardial surface across the fiducial marks to deepen the epicardial marks into myocardial tissue ( Fig. 1D , blue circles). Thereafter, the heart was rapidly removed from the chest, weighed, and fixed in 10% buffered formalin solution for 24 -48 h. The ventricular wall comprising the fiducial marks was excised from the heart and embedded into a paraffin block with the epicardial surface facing upward. Three-to five-gauge steel needles were inserted into a perpendicularly predrilled, Plexiglas frame that was placed in contact with the paraffin block. Perpendicular insertion of the needles into the block allowed for later alignment of sections via the needle track reference holes (Fig. 1 , E and F, yellow circles).
Each block was fully sectioned parallel to its epicardial surface, and ϳ500 consecutive 4-m-thick histological sections were usually obtained. These sections were subsequently used as follows: 1) each 10th section was stained with the van Gieson method for collagen fibers, in order to detect myocardial fibrosis; 2) two histological sections, obtained from ventricular midwall, were kept for the immunofluorescence analysis; and 3) all other sections were stained with hematoxylin and eosin (H & E) for fiber direction and myocyte transverse diameter measurements.
Under a stereo microscope, H & E-stained sections were aligned vertically by means of the reference holes and digitized. A schematic diagram of the electrode array was placed on the digitized sections and aligned with fiducial marks, accounting for tissue shrinkage due to fixation (typically 35%) ( Fig. 1F ). On each section, fiber direction was assessed by a semiautomated method at 20 regularly spaced array electrodes. The histological sections shown in Fig. 1F , at 80-and 480-m depth, respectively, illustrate the change in fiber orientation across ventricular wall. The fiber rotation angle in each ventricle was computed as the mean of the differences between epicardial and endocardial fiber orientation angle for all observations in each group.
The myocyte transverse diameter was measured on the H & E-stained sections. In each experiment, up to 10 digital images (magnification ϫ400) were used to identify a total number of 50 longitudinally oriented myocytes. Image Pro Plus 4.5 software was then used to carefully measure the shorter axis of myocytes at the level of the nucleus (13) .
Immunofluorescence Analysis
Qualitative assessment of Cx43 and Cx40 spatial distributions was performed by immunofluorescence analysis. For each animal, two consecutive histological sections were incubated with mouse monoclonal anti-Cx43 (dilution 1:200, Chemicon, Temecula, CA) and rabbit polyclonal anti-Cx40 (dilution 1:100, Chemicon) primary antibodies. In each section, myocyte cytoplasm was highlighted by means of an anti-␣-sarcomeric actin primary antibody (dilution 1:40, Dako, Glostrup, Denmark). The above reactions were subsequently revealed with two fluorescent probes: FITC-conjugated goat antimouse IgG secondary antibody for Cx (dilution 1:100, Chemicon) and tetramethylrhodamine goat anti-mouse IgG secondary antibody for ␣-sarcomeric actin (dilution 1:100, Molecular Probes, Eugene, OR). Myocardial nuclei were indiscriminately labeled with 4Ј,6-diamidino-2-phenylindole (DAPI, Invitrogen, Eugene, OR). Finally, sections were qualitatively examined under a fluorescent microscope (Olympus BX60F5, Tokyo, Japan).
Western Blot Analysis
In three aged and three control rats, the heart was exposed through a longitudinal sternotomy and quickly removed. Tissue samples extracted from the anterior ventricular wall were frozen in liquid nitrogen for Western blotting. For molecular analysis, the samples were homogenized in lysis buffer, supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO), and sonicated three times for 10 s on ice. After pelleting of the insoluble debris, the protein concentration of each supernatant was measured by bicinchoninic acid colorimetric assay (Pierce, Rockford, IL). Fifty micrograms of each protein sample were separated by 12% SDS-PAGE, transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany), and incubated with anti-Cx43 and anti-Cx40 antibodies, whose binding sites were detected by peroxidase-conjugated specific anti-mouse or anti-rabbit IgG antibodies (GE Healthcare, Little Chalfont, UK). The intensity of the band representing each Cx protein type tested was analyzed with the Fluor-S MultiImager (Bio-Rad Laboratories, Hercules, CA) and expressed in optical density units. Comparisons of the immunoreactive bands were made between control and aged hearts assayed on the same membrane. The optical density of each Cx43 and Cx40 band was related to the mean intensity of the corresponding control hearts.
Statistics
Values are given as means Ϯ SD. Data were compared with the Student's t-test for unpaired samples, and differences were considered significant at P Յ 0.05.
RESULTS
Electrophysiological Parameters
Cardiac intervals. During NSR, there was a significant increase in cycle length (R-R interval: ϩ33%), atrial activation (P-wave duration: ϩ48%), AV conduction time (PQ segment: ϩ99%), and total ventricular activation time (QRS duration: ϩ69%) compared with control hearts (Table 1) .
During ventricular pacing, QRS duration in aged hearts increased significantly (ϩ30%) compared with control hearts (Table 1) . Specifically, paced versus NSR QRS duration increased by 50% in control hearts and 15% in aged hearts. Moreover, paced QRS duration in control hearts was shorter than NSR QRS duration in aged hearts (paced control 28.6 Ϯ 6.4 ms vs. NSR aged 32.3 Ϯ 3.5 ms; P Յ 0.001).
Rhythm disturbances such as sinus arrhythmia, atrial fibrillation, AV block, and isolated ventricular ectopic beats were frequently observed in aged hearts. Moreover, sequences of ectopic beats, ventricular tachycardia, or ventricular fibrillation were occasionally induced during ventricular pacing (data not shown). Epicardial activation. During NSR, NBGAT was reduced significantly in aged hearts, indicating higher temporal variability of the activation time over the electrode grid. Moreover, NBDRAV was also reduced significantly in aged hearts, indicating enhanced temporal variability of the mean direction of activation in the measurement area ( Table 2) .
During ventricular pacing, the two parameters did not differ in both control and aged hearts. Moreover, the high value of both parameters indicates that activation patterns were slightly affected by temporal variability ( Table 2) .
Ventricular conduction velocity. Analysis of conduction velocities during epicardial pacing revealed that L and T , as well as L / T , did not change significantly in aged compared with control hearts. Specifically, there was a small decrease in L (control 0.69 Ϯ 0.13 m/s vs. aged 0.66 Ϯ 0.16 m/s) and no change in T (control 0.33 Ϯ 0.06 m/s vs. aged 0.33 Ϯ 0.06 m/s) ( Table 2) . Measured values of anisotropic conduction velocity in rat heart were consistent with published data in mammalian ventricular muscle (26) .
Epicardial Mapping
Control hearts. During NSR, a distinct breakthrough point (BTP) usually occurred within 6 ms from QRS onset on the RV surface ( Fig. 2A, top) . A BTP represents a site of early epicardial activation where excitation coming from the depth reached the epicardium earlier than at all surrounding sites (3, 4) . The impulse originating from the BTP spread on the ventricular surface in all directions, giving rise to a wide wave front toward the LV that after 12 ms collided in the paraseptal area with another wave front from the LV ( Fig. 2A, top) . The resulting wave front moved toward the pulmonary conus with increased conduction velocity, likely due to its concave shape (17) . EGs were biphasic, with high-amplitude positive waves over the entire measurement area, as result of far-field effect and the drift of the reference potential (11) ( Fig. 2A, bottom) . In the collision area, positive waves increased further in amplitude, while the amplitude of the negative deflection decreased, according to model simulations (42) .
During ventricular pacing, activation isochrones were elongated, quasi-elliptical, and centered about the pacing site, with the major axis oriented along the local direction of subepicardial fibers (Fig. 2B, top, and C) . Around the pacing site, the cross-fiber EGs were monophasic while the along-fiber EGs were biphasic with a small-amplitude positive wave (Fig. 2B,  bottom) (11, 44) .
Aged hearts. Aged hearts showed a range of aberrant sinus activation patterns. The abnormalities ranged from a variable number of BTPs (2 animals) to a single BTP (1 animal) to an absence of BTPs (4 animals).
VARIABLE NUMBER OF BTPS. During NSR, ventricular activation patterns with a variable number of BTPs were characterized by enhanced temporal variability. Figure 3A , top, shows multiple BTPs emerging at 4 -5 ms from QRS onset. The location and number of BTPs gradually changed with time, giving rise to variable activation patterns and wave front collisions (data not shown). EGs were monophasic at the earliest BTP site and biphasic, with low-amplitude positive wave, in the surrounding area (Fig. 3A, bottom) . SINGLE BTP. During NSR, single BTP (focal) activation steadily occurred at 3-4 ms from QRS onset on the RV and displayed elliptical isochrones about the BTP site with mayor axis orientation counterclockwise (CCW) rotated from epicardial fiber direction (Fig. 3B, top, and Fig. 4D ). The wave front that moved toward the apex of the heart collided after 9 ms with an opposite wave front from the LV. EGs were monophasic at the BTP site and in the cross-fiber area and biphasic, with small-amplitude positive waves, in the area between isochrone major axis and epicardial fiber direction (Fig. 3B, bottom) .
During ventricular pacing from the single BTP site, elliptical isochrones displayed major axis orientation slightly CCW rotated from epicardial fiber direction (Fig. 4A, top, and D) . Moreover, sequential pacing of each of the innermost 6 ϫ 6 array electrodes gave rise to QRS waveforms whose duration increased proportionally to the distance of the pacing electrode from the single BTP site (Fig. 4B ). Occasionally, before NSR was resumed after ventricular pacing, spontaneous beats of supraventricular origin displayed activation patterns with multiple BTPs that were delayed 15 ms from QRS onset (Fig. 4C, top) . This delay is present in the EGs as a broad QR interval of small amplitude before the relatively narrow RS complex (Fig. 4C, bottom) .
ABSENCE OF BTPS. In the absence of BTPs in the measurement area, ventricular activation patterns were characterized by wave fronts that originated from distant areas and crossed the electrode array. Moreover, the number and orientation of wave fronts displayed temporal variability. Figure 3C , top, shows a wide wave front that moved from RV to LV with uniform conduction velocity and isochrone lines that gradually changed from concave to linear (data not shown). When multiple wave fronts crossed different sides of the electrode array, new wave fronts occurred as result of merging, collision, or more complex interactions, with sudden changes in apparent conduction velocity (data not shown). In all cases, EGs were biphasic, with low-amplitude positive waves over the entire measurement area (Fig. 3C, bottom) .
Morphological Parameters
Body and heart weight. In aged rats, there was a significant increase in BW (ϩ21%) and heart weight (HW) (ϩ44%) Values are means Ϯ SD. N, number of animals; n, number of observations. L, T, longitudinal and transverse conduction velocity, respectively; L/T, anisotropy ratio; NBGAT, number of beats with the same grid activation time; NBDRAV, number of beats with the same direction of resultant activation vector. *P Ͻ 0.05 vs. control. characterized by the elevated HW-to-BW ratio (ϩ31%) compared with control rats (Table 3) .
Myocyte transverse diameter. Histological analysis revealed that, on average, myocyte transverse diameter was significantly larger in aged than control hearts (ϩ47%), indicating increased cell size (Table 3) .
Myocardial architecture. Gross structural analysis revealed that thickness and fiber direction across the ventricular walls underlying the recording array did not change significantly in aged versus control hearts.
The thickness of RV free wall was highly irregular, nonuniform, and geometrically complex because of the densely trabeculated endocardium. Wall thickness in RV ranged between 100 -200 m at one site and Ͼ1 mm at another site. Specifically, for combined groups, wall thickness was 0.56 Ϯ 0.28 mm in the RV and 3.03 Ϯ 0.68 mm in the LV (Table 3) .
Fiber direction rotated CCW with depth from epicardium to endocardium, continuously in LV and with a discontinuity in RV across the blood cavity ( Fig. 5, A, 180 -260 m, and B, 200  m) . Correspondingly, the average myocardial fiber direction in each section was a monotonic increasing function of depth, with the exception of a short interval across the blood cavity (Fig. 5C, 160 -220 m) . Specifically, for combined groups, fiber rotation angle was 51.3 Ϯ 26.9 degrees in the RV and 115.4 Ϯ 28.5 degrees in the LV (Table 3) .
Myocardial interstitial fibrosis. Microscopic analysis of aged heart specimens revealed the presence of scattered mi-crofoci of interstitial myocardial fibrosis. These foci consisted mainly of collagen deposition and were predominantly located in the subendocardium. Thin bands of collagen surrounded either single or small groups of myocytes, creating a reddish network in the van Gieson-stained histological sections whose largest dimension was Ͻ300 m (Fig. 6A) . Conversely, ventricular samples from control hearts did not show any sign of interstitial remodeling (Fig. 6B ). Myocardial areas with no sign of collagen deposition were constantly characterized by regular large bundles of myocytes separated by a thin layer of normal connective tissue and surrounded by a well-defined microcirculation mainly made up of capillaries.
Gap junction connexin expression. Gap junction Cx43 and Cx40 are the most abundantly expressed connexins in the heart. Immunofluorescence analysis revealed homogeneous Cx43 protein expression throughout the ventricular wall. Cx43 was primarily localized at the "end-to-end" connections between myocytes (intercalated disks) in both control and aged hearts (Fig. 7A ). Because of the peculiar Cx43 distribution, immunofluorescence analysis did not allow us to perform quantitative or semiquantitative assessment of Cx43 positivity. However, densitometric Western blot analysis revealed significant reduction in Cx43 protein expression in aged myocardium (P Ͻ 0.05) (Fig. 7B, left) . Gap junction Cx40 protein distribution was hardly detectable by immunolabeling analysis in our specimens, although a significant decrease in Cx40 Fig. 3 . A: normal sinus rhythm ventricular activation with multiple BTPs in aged_heart_6. Top: activation isochrone line map (same format as in Fig. 2A) . Bottom: innermost 6 ϫ 6 electrode array EGs (same format as in Fig. 2A ). Bolder tracings, BTP electrode EGs. B: normal sinus rhythm ventricular activation with single BTP (focal activation) in aged_heart_5. Top: activation isochrone line map (same format as in Fig. 2A ). Double-headed arrow, major axis orientation of elliptical isochrones originating at BTP site. Bottom: innermost 6 ϫ 6 electrode array EGs (same format as in Fig. 2A ). Bolder tracing, single BTP electrode EG; arrows, low-amplitude positive waves along subepicardial fiber direction. C: normal sinus rhythm ventricular activation in absence of BTPs in aged_heart_2. Top: activation isochrone line map (same format as in Fig. 2A ). Gray arrow, direction of wave front propagation. Bottom: innermost 6 ϫ 6 electrode array EGs (same format as in Fig. 2A ). protein expression was detected by Western blot analysis (P Ͻ 0.05) (Fig. 7B, right) .
DISCUSSION
In control and aged rats, we related ventricular epicardial EGs and activation patterns, recorded during NSR and paced activation, to the underlying myocardial structure. The main findings that characterize the ventricles of aged rats are 1) delayed total activation time (QRS), normal anisotropic conduction velocity, and abnormal activation patterns with multiple BTPs varying in space and time; 2) myocyte enlargement, scattered microfoci of predominant subendocardial fibrosis, and reduced gap junction Cx expression. Our results suggest that impaired interaction between the conduction system and ventricular myocardium might be responsible for the abnormal activation of the ventricles.
Structural Properties of the Aged Heart
Age-related structural changes in our rat hearts are consistent with data reported in the literature, thus representing validation of our experimental model of aging. As the heart reaches senescence, it undergoes a modest degree of hypertrophy characterized by a significant increase in HW and myocyte transverse diameter (2, 18, 20, 28) . Discrete areas of interstitial fibrosis in the aging heart have been reported in the ventricles of rat (2, 18) and mouse (5, 43) and in all parts of the conduction system (28) . In the present study, only minor changes in interstitial fibrosis were observed in senescent rat hearts, in conflict with previous studies that reported a significant age-related increase (2, 5, 18, 43) . It is possible that differences in species, strain, or inbreeding might account for differences in fibrosis and alterations in connective tissue observed with aging in our study.
The reduction of Cx43 expression that we found in aged rat ventricular myocardium was also reported in mouse and rabbit models of aging (6, 15, 43) and appears to be a common feature of aging cardiomyocytes. Moreover, the observed reduction in Cx40 expression should mainly relate to the conduction system since Cx40 is almost completely absent in ventricular myocardium, except in the coronary vasculature (21) . Fig. 4 . A: paced ventricular activation at single BTP site in aged_heart_5 (same format as in Fig. 2B) . B: QRS duration isochrone line map (in ms) relating to paced activation of each of the innermost 6 ϫ 6 array electrodes. C: spontaneous ventricular activation of supraventricular origin that followed a paced beat, showing the presence of multiple BTPs. Top: activation isochrone line map (same format as in Fig. 2A) . Bottom: innermost 6 ϫ 6 electrode array EGs (same format as in Fig. 2A ). Bolder tracings, single BTP electrode EGs. D: schematic view of aged_heart_5 (same format as in Fig. 2C ). Our interpretation of epicardial potentials was based on studies in dog experiments (44, 45) and computer models of the ventricles characterized by anisotropic conductivity and transmural fiber rotation (11, 12) . Thus reconstruction of fiber orientation across the myocardial wall represents a relevant finding in our study. In fact, epicardial EGs and isochrone pattern are influenced by the interrelationship between the spread of excitation and the epiendocardial CCW rotation of the intramural fiber direction. Factors influencing the shape of the EGs are the intramural fiber rotation and the anisotropy ratio of the intra-and extracellular conductivity coefficients.
Electrophysiological Parameters of the Aged Heart
The observed changes in basic electrophysiological parameters are compatible with structural remodeling of the aged heart. The significant increase in R-R interval, consistent with age-related bradycardia (28) , is possibly related to a decrease in the intrinsic sinus rate, i.e., heart rate in the absence of autonomic nerve activity, and an increase in SA node conduction time due to decreased Cx43 expression in the SA node (1, 24) . Moreover, delayed atrial activation, as manifested by prolongation of P-wave duration, is consistent with nonuniform anisotropic conduction due to enhanced fibrous tissue responsible for electrical uncoupling of side-to-side fiber connections (27, 39) . In aged rat hearts ventricular activation is characterized by significant prolongation of QRS duration, while L and T did not change significantly, compared with control hearts. The expected increase in conduction velocity due to larger myocyte transverse diameter (48) is likely counteracted by a reduction in myocardial Cx43 expression. In addition, the increase in heart mass, which might also prolong QRS duration, should have a moderate effect (9) . A significant reduction in T (Ϫ19%) was previously reported in the RV of aged hearts by Stein et al. (43) . Such a decrease in RV T would likely be insufficient in our aged rats to explain a 69% increase in QRS duration relative to control hearts during NSR. Thus increased QRS duration might be mainly ascribed to the conduction system rather than the myocardium, where conduction velocity is normal. Consistent with our findings, a clinically relevant 50% reduction in Cx43 in transgenic mouse models did not affect ventricular conduction velocity, indicating that there is a high redundancy of Cx in the ventricles (47) . However, other studies have shown that a similar 50% reduction of Cx43 expression did alter conduction velocity in the mouse heart (for a review see Ref. 47 ). Moreover, in mice lacking Cx40, QRS duration was prolonged, more likely by slow conduction through the conduction system, where Cx40 is most important, rather than Fig. 5 . Reconstruction of ventricular fiber orientation on transmural sections in aged_ heart_5. A: fiber orientation plotted on sections at increasing depth (80-m step) from epicardium (see also Fig. 1F ). Thicker segments with filled circles and squares refer to data plotted in B. In each section: gray area, RV; white area, LV. B: fiber orientation at 2 array electrode (see A) as a function of increasing depth (20-m step) from epicardium. Circles, fiber orientation across RV and LV walls (larger circles refer to segments in A) with discontinuity at 200-m depth across RV blood cavity; squares, fiber orientation across LV wall (larger squares refer to segments in A). Inset: reference axes for fiber orientation angle. C: average angle of fiber orientation in each section as a function of depth from epicardium relating to 20 electrode projections (larger diamonds refer to sections in A). by abnormal propagation through the ventricular myocardium, where Cx40 is not expressed (25, 38) .
NBGAT and NBDRAV revealed significant temporal variability of activation patterns during NSR and not during ventricular pacing. This finding suggests that impulse conduction through ventricular myocardium is sustained by a stable mechanism, while the conduction system may represent a source of increased temporal variability of ventricular activation patterns in aged hearts.
EGs of Control and Aged Hearts
In control hearts, during NSR EGs were always biphasic, with large-amplitude positive waves preceding the intrinsic deflection ( Fig. 2A, bottom) . In contrast, in aged hearts EGs were either monophasic or biphasic, with small-amplitude positive waves. Specifically, EG morphology was usually monophasic at BTP sites consistent with endocardial origin of impulse initiation (11, 44) (Fig. 3, A-C, bottom, and Fig. 4C,  bottom) . The absence of a large-amplitude positive wave in biphasic EGs may be due to a cancellation effect owing to the presence of distant wave fronts propagating in different directions. According to the oblique dipole layer model (11) , the small-amplitude positive wave preceding the intrinsic deflection might represent the contribution of the axial component of the EG due to a wave front approaching the recording electrode. Moreover, the broad QR complex before the relatively narrow RS complex observed during the spontaneous beat of supraventricular origin (Fig. 4C, bottom) is most probably due to a far-field effect of early distant activation. In fact, while RV epicardial activation is delayed (first BTP appearing at 15 ms), the earliest BTP might originate in a distant RV area or in the LV.
Ventricular Activation Patterns of Control and Aged Hearts
Control hearts. NORMAL SINUS RHYTHM. Electrical interaction between the conduction system and ventricular myocardium dictates the ventricular activation sequence during normal conduction, ensuring a not only rapid but also spatially and temporally coordinated spread of excitation across both ventricles (26) . Optical mapping studies in mouse (32, 33) and rat (34) hearts revealed two focused BTPs that originated on the free walls of the RV and LV. A BTP is the epicardial manifestation of a wave front originating from an underlying PMJ (3, 4, 26, 45) . In the RV, where wall thickness is comparable to wave front width (0.3 mm as the result of action potential upstroke ϭ 1 ms and T ϭ 0.3 mm/ms), endocardial impulse initiation at PMJ and epicardial BTP emergence should almost be simultaneous. The existence of a BTP originating in the LV is readily demonstrated by the wave front that entered the electrode array from the LV after 12 ms from QRS onset ( Fig.  2A, top) .
VENTRICULAR PACING. Epicardial pacing revealed uniform anisotropic conduction in the region surrounding the pacing site (Fig. 2B, top) . We hypothesized that in this region, referred to as the "primary area" in previous studies (4, 45) , the excitation starting from the epicardial pacing site reached the endocardium, traversed PMJs in a retrograde direction, and entered the conduction system, with myocardial wave fronts that preceded conduction system wave fronts (4) . Similarly, endocardial pacing in rabbit heart gave rise to ventricular activation that preceded Purkinje activation at most PMJ sites (10) . However, remote areas from the pacing site, in both paced and nonpaced ventricle, should be activated earlier by conduction system wave fronts (45) .
Aged hearts. During NSR, the ventricles of aged rats showed a range of abnormal activation patterns characterized by a variable number of BTPs. The abnormalities ranged from an absence of BTPs to the presence of multiple BTPs in the measurement area. Moreover, since our electrode array covered a limited area of the epicardial surface, our description of activation patterns is dependent on the area explored. We did not hypothesize the existence of different mechanisms that could justify the different activation patterns. Instead, we are inclined to assume that the different activation patterns we observed possibly represent separate frames of a composite and more general activation pattern that is present over the entire surface of both ventricles. Thus an absence of BTPs in the measurement area implies that BTP emergence should have occurred in an area not explored by the electrode array.
Two different potential mechanisms might account for the abnormal activation patterns, namely, the excitation of the endocardial surface by the conduction system may be normal but increased interstitial fibrosis and intercellular uncoupling may cause fragmentation of the excitation wave fronts as they propagate transmurally; alternatively, the propagation of excitation wave fronts in the ventricular myocardium may be normal but the interaction between conduction system and ventricular myocardium may be altered.
As regards the first mechanism, in our study we microscopically examined ϳ24,500 mm 2 of the histological sections of myocardium underlying the measurement area in each animal. The observed scattered foci of collagen deposition with 200-to 300-m average volume diameter represented only 0.09 -0.16% of the examined myocardium. Although these foci were undoubtedly the result of a pathophysiological process such as aging, they presented the same overall dimension of a medium-sized coronary vessel branching within the ventricular myocardium. Thus we can exclude that such small collagen depositions, quantitatively representing only minor myocardial heterogeneities, were capable of determining wave front fragmentation such to alter activation patterns at the epicardium. However, severe pathological deposition of collagenous septa in fibrotic diseased myocardial tissue can cause slow conduction and a "zigzag" course of activation perpendicular to the fiber direction (8, 14) . Moreover, strands of cultured ventricular cardiomyocytes coated with myofibroblasts whose density was Ͼ15.7% can reduce conduction velocity and cause depolarization-induced abnormal automaticity (30, 31) . Furthermore, age-related reduction of Cx43 expression across the ventricular wall might reduce conduction velocity transmurally, although our measurements do not us allow to test for changes in transmural propagation. Transmural gradients of Cx43 expression in mouse (49) and dog (35) hearts and their effects on transmural propagation (35) have been demonstrated previously. However, since transmural gradients of Cx43 expression were not seen in normal rat ventricle (49), we can assume that transmural conduction slowing would be uniform in our rats.
As regards the second mechanism, we considered that multiple BTPs might reflect uncoordinated excitation of the endocardium by the ventricular conduction system. Several specific features of the activation patterns we recorded in aged rat heart provide evidence supporting this view.
First, we recorded the presence of multiple BTPs varying in space and time during NSR (Fig. 3A, top) . Moreover, QRS duration might be prolonged, instead of shortened, even in presence of multiple BTPs as a consequence of reduced functionality of the conduction system.
Second, NSR activation patterns with a single BTP suggest that impulse initiation originated from an isolated PMJ (Fig.  3B, top) . In fact, CCW rotation of the isochrone major axis from the epicardial fiber direction is consistent with the helical, clockwise twist of a wave front that spreads from an endocar-dial site toward the epicardium (12, 44) . In contrast, during epicardial pacing at the single BTP site, the isochrone major axis is parallel to the subepicardial fiber direction (Fig. 4A,  top) . Moreover, the higher "apparent" conduction velocity during NSR (epicardial velocity vector not perpendicular to the wave front) compared with pacing is consistent with a deep myocardial site of impulse initiation.
Third, spontaneous ectopic beats following ventricular pacing revealed the delayed appearance of new BTPs, likely due to conduction through normally quiescent PMJs (Fig. 4C, top) . This phenomenon may be due to critical prematurity of a supraventricular impulse following a paced beat and encountering uneven refractoriness through the conduction system.
Fourth, paced QRS duration was shortest when a single BTP was paced ( Fig. 4B ), suggesting the occurrence of preferential retrograde conduction through a normally viable PMJ. In fact, excitation coming from the PMJ would reach epicardial BTP earlier than any surrounding site. Alternatively, a wave front starting from a BTP site would probably reach the underlying PMJ earlier than a wave front starting from a non-BTP site. Excitation from a BTP site might therefore decrease QRS duration by reaching a larger portion of the ventricular walls through conduction system propagation than would an excitation wave starting from a non-BTP site.
Fifth, during pacing, total ventricular activation was significantly delayed in all aged animals compared with control animals. An impaired conduction system, which is activated only during the terminal phase of a paced beat (45) , might contribute to a greater prolongation of paced QRS duration. This mechanism might also explain why the increase in paced versus NSR QRS duration is shorter in aged than control hearts (Table 1 ).
In conclusion, age-related changes in the rat ventricular myocardium cannot fully explain the observed impairment of ventricular activation in aged rat hearts. This is of particular concern since previous studies have suggested that the myocardial propagation may indeed be affected by age (15, 37, 39, 41, 43) . Rather, our results suggest that impaired conduction system function may play a significant role in underlying impaired impulse propagation in aged hearts. Our study showed, for the first time, ventricular activation patterns with multiple BTPs in aged rat hearts and indicated that interstitial fibrosis and reduced intercellular Cx expression do not significantly decrease epicardial conduction velocity. Moreover, multiple variable BTPs were also recorded in Cx43-and Cx40-deficient mice and related to conduction defects in the ventricular conduction system (32, 46) . Specifically, in Cx40deficient mice, patchy activation patterns were related by direct measurements to slowed conduction in the right bundle branch (46) . In our study we suggest the occurrence of impaired interaction between the conduction system and ventricular myocardium based on peculiar features of the observed epicardial EGs and activation patterns. Verification of this assumption by means of direct measurement of wave front propagation in the conduction system could not be obtained in our in vivo model and should be addressed in in vitro tissue experiments. Reduced intercellular coupling, due to age-related collagen deposition and decreased Cx expression, particularly Cx40, might be responsible for delayed activation and conduction failure occurring at branching sites of the conduction system or at PMJs, where source-sink mismatches exist be-cause of a change in the geometry in the propagating pathway. As a consequence of impaired interaction between the conduction system and ventricular myocardium a potential reentry substrate might be created, contributing to higher incidence of ventricular arrhythmias in the elderly population.
Limitations of Study
In assessing our findings it is important to recognize certain limitations. The circumscribed size of the recording array allows in situ epicardial measurements to be obtained on a limited area of the anterior ventricular surface. Exploration of the entire ventricular surface will be possible in the isolated rat heart. Moreover, epicardial potentials are only indirectly related to transmembrane action potential and do not discriminate between Purkinje and ventricular activation. Endocardial in vitro mapping will be needed for direct localization of PMJ sites (10) . In addition, the hypothesis that multiple epicardial BTPs might result from separate wave fronts originating from different PMJs has to be tested. Nevertheless, the observed distance between epicardial BTPs (Ն2 mm), which is close to the thickness of the ventricular wall, suggests that multiple BTPs could hardly result from bulges in wave fronts advancing from deeper myocardium.
